T he contemporary dual stream language model is analogous to the visual system, which is composed of ventral "what" and dorsal "where" streams.
and the ventral SLF III pathways along the suprasylvian area. In addition, 2 segments of the AF were identified: the ventral and dorsal components.
methods
Twenty-five formalin-fixed brains (50 hemispheres) and 3 adult cadaveric heads were examined. The arachnoid and surface vessels were removed from the brains. All specimens were frozen at -16°C for 2 weeks. 40 Twenty-four hours after completion of the freezing process, the specimens were thawed with tap water, and the fiber tracts were dissected using microdissectors under 6× to 40× magnifications provided by a Zeiss Surgical Microscope (Carl Zeiss AG). Each stage of the dissections was recorded by 3D photography, as reported in a prior paper from this laboratory. 63 We did not find a significant difference in the cortical connection areas of the SLF and AF between the right and left sides. Thus, we focused on the termination and originating areas on the cortex and the trajectory of each segment of the SLF and AF instead of on lateralization. The frequency distributions of the SLF and AF in the cortex were calculated based on postmortem cadaveric fiber dissection, independent of lateralization (right or left hemispheres).
Diffusion imaging from 2 healthy volunteers was analyzed. The scan data were provided, in part, by the Human Connectome Project, WU-Minn Consortium. MRI was acquired on a modified 3-T Siemens Skyra (Siemens AG). The diffusion sequence used a spin-echo echo-planar imaging (EPI) sequence with multiband EPI. The scan parameters were TR 5520 msec; TE 89.5 msec; flip angle 78°; refocusing flip angle 160°; FOV 210 × 180; matrix 168 × 144; slice thickness 1.25 mm (voxel size 1.25 × 1.25 × 1.25 mm); multiband factor 3; and b-values 1000, 2000, and 3000 sec/mm 2 . Preprocessing consisted of B0 image intensity normalization, susceptibility distortion, eddy current, motion, and gradient-nonlinearity corrections, and registration with a T1-weighted 3D magnetizationprepared rapid acquisition gradient echo (MPRAGE) scan. All preprocessing used the freeware programs FreeSurfer (http://surfer.nmr.mgh.harvard.edu) and FSL (http://fsl. fmrib.ox.ac.uk). The preprocessed diffusion imaging data were imported into DSI Studio (http://dsi-studio.labsolver. org) for processing and tractography. The data were processed using generalized q-sampling imaging (GQI). Fiber tracking was then performed by seeding regions of interest (ROI) based on a priori knowledge from previous studies and fiber-tracking results from this study.
23,41 results
The SLF and AF are the most superficial long association fibers visible after removing the cortex (gray matter) and intergyral short U association fibers (Fig. 1B and C) . Generally, the depth and length of the association fiber pathways are directly proportional; the longer association fibers that interconnect 2 distant areas are positioned at a deeper (more medial) level than shorter ones.
In the suprasylvian area, the main long association fiber pathway is the SLF, which has 3 parts: SLF I (dorsal), II (middle), and III (ventral). The SLF I (dorsal pathway) is positioned within the superior frontal gyrus, the SLF II (middle pathway) within the middle frontal gyrus, and the SLF III (ventral pathway) within the inferior frontal gyrus. 41 Starting at the lateral surface and moving medially, the components of the SLF are encountered in reverse order: SLF III, SLF II, and then SLF I (Fig. 1D ).
41
The SLF I, the dorsal fiber pathway, lies within the superior bank of the cingulate sulcus from the precuneus (medial surface of the parietal lobe) to the medial frontal gyrus (medial surface of the superior frontal gyrus), and travels just above the cingulum and medial to the callosal fibers. 32, 34, 41, 61, 65 The SLF I connects the superior parietal lobule (Brodmann area [BA] 7) to the medial side of the superior frontal gyrus (BA 6, BA 8, BA 9) and anterior cingulate cortex (BA 32; Figs. 1D-F, 2A, and 2B).
41,65
The SLF II, the middle fiber pathway, extends from the occipital lobe (BA 19 in 44%; all percentages represent the area of the named structure that is connected to the tract) and/or the upper part of the angular gyrus (BA 39 in 56%) to the middle part of the middle frontal gyrus (dorsolateral prefrontal cortex; BA 46/9 in 72%) or the lateral frontopolar cortex (BA10 in 28%). The SLF II passes deep to the cortex along the anterior part of the occipital lobe (BA 19), the inferior parietal lobe, the middle-third of the pre-and postcentral gyri, and the middle frontal gyrus (Fig. 1A-E) . Fiber dissections corroborate DTI data, indicating that the SLF II is interrupted at the level of the precentral sulcus, where the fascicle is prominently grooved. This gutter along the SLF II most likely results from the presence of a vertical fiber pathway passing downward from the supplementary motor areas (SMAs) to the posterior part of the inferior frontal gyrus. In fact, Catani et al. 8 have shown in multiple DTI studies that a short association tract, the fronto-aslant tract, runs between the premotor area, SMA, and pars opercularis.
The SLF III, the ventral fiber pathway, courses within the frontoparietal operculum and extends from the supramarginal gyrus (BA 40) to the pars opercularis (BA44). 41, 61, 65 Another fiber pathway of the dorsal language stream is the AF, which connects Broca's area, located in the frontal lobe, and Wernicke's area, located in the temporal lobe. The AF is divided into ventral and dorsal segments according to its relationship with the supramarginal and angular parts of the inferior parietal lobe (Figs. 2 and 3) .
The AF ventral segment extends from the middle (BA 22 in 88%) and posterior (BA 22, BA 41, and BA 42 in 100%) parts of the superior temporal gyrus and the middle part of the middle temporal gyrus (BA 21 in 92%), always passes deep to the lower part of the supramarginal gyrus (BA 40 in 100%) and medial to the SLF III (ventral pathway) in the frontoparietal operculum, and reaches the pars opercularis (BA 44 in 96%), triangularis (BA 45 in 40%), and ventral premotor cortex (BA 6 in 84%).
The AF dorsal segment extends from the posterior part of the middle (BA 37 in 100%) and inferior temporal gyri (BA 20 in 76%), passes deep to the lower part of the angular gyrus (BA 39 in 100%) in all hemispheres, and then travels ventral to the SLF II (middle pathway) to reach the pars opercularis (BA 44 in 96%), ventral premotor cortex (BA 6 in 72%), and posterior part of the middle frontal gyrus (BA 6 in 56%).
discussion

Fiber tracts of the dorsal language stream
Until the latter part of the 20th century, the AF and SLF were considered to be part of the same fasciculus, connecting the posterior superior temporal gyrus (Wernicke's area) to the inferior frontal gyrus (Broca's area). 61 In a cadaveric study, Türe et al. 68 used SLF and AF as synonymous terms and noted that the SLF (AF) wraps in a C shape around the sylvian fissure and passes deep to the middle frontal gyrus, inferior parietal lobule, and middle temporal gyrus. More recently, studies in nonhuman primates have divided the SLF/AF into 4 separate components: SLF I, SLF II, SLF III, and AF. 15, 51, 53, 54 Makris et al., 41 in a DTI-based study, showed the same 4 components in the human brain and suggested that the AF is a part of the SLF. Some cadaveric studies support the concept that the AF is a part of the SLF. 22, 44 In our study, we were able to demonstrate the clear separation of 3 components of the SLF and 2 distinct parts of the AF through the fiber dissection technique and DTI.
segmentation of the superior longitudinal Fasciculus
The SLF I connects the superior parietal lobe, important for recognizing limb and trunk location in body-centered coordinate space, with the premotor areas engaged in the higher aspects of motor behavior and with the SMA, which is important for intention and the initiation of motor activity. Therefore, the SLF I may be associated with higher-order control of body-centered action and the initiation of motor activity. 41, 53, 61 The default mode network is the region of the brain that becomes activated when the brain is resting (but alert) and attention is focused on internal tasks such as memory retrieval and self-reflection. 71 We suggest that the main subcortical connection of the default mode network, the long association bundle (SLF I) connected to the precuneus, may be to the anterior cingulate region. The precuneus plays a core role in self-consciousness with regard to the default mode network, which is activated during the "resting consciousness" state in which one does not engage intentionally in sensory or motor activity. In fact, lesions within the anterior cingulate cortex trigger an inability to detect errors, severe difficulty in resolving stimulus conflict, emotional instability, inattention, and even akinetic mutism, all of which may be completely or partly related to the default mode network. 10, 71 As in our findings, the course of the SLF I has been previously defined by neuroimaging studies as running predominantly from the precuneus (medial BA 7) and less from the superior parietal lobule (BA 7) to the superior frontal gyrus (BA 8 and 9), SMA (BA 6), and anterior cingulate cortex by passing deep to the postcentral (BA 5) and precentral gyri (BA 4). 41, 53, 61, 65 In our study, during medial-to-lateral and lateral-to-medial fiber dissection, the SLF I was found to be the long association fiber tract located medial to the callosal fibers and above the cingulum in the superior bank of the cingulate sulcus.
The SLF I also has a close anatomical relationship with the cingulum in the medial side of the hemisphere. The cingulum fibers emanating from the medial cortex meet to form the cingulum above the corpus callosum within the cingulate gyrus. Therefore, cingulum fibers are oriented in anteroposterior, oblique, and superoinferior directions in the frontal lobe, and superoinferior and oblique directions in the parietal lobe. All cingulum fibers cross the cingulate sulcus to reach the cingulum within the cingulate gyrus. The SLF I, however, courses parallel to the cingulate sulcus, and it does not reach the cingulum.
However, 1 cadaveric study has claimed that the SLF I is not a frontoparietal long association fiber pathway, because the anterior portion of the SLF I is composed of short association fibers, while the posterior portion of the SLF I is composed of long association fibers. 42 That study further noted that the precentral and central sulci run vertically across the cingulate sulcus to create the appearance of short association fibers in the anterior portion of the SLF I, while the long association fibers in the posterior portion of the SLF I belong to the SLF/AF. 42 The long association fiber pathways located in the suprasylvian area have a wavy shape because of their intersection with perpendicular sulci on the convexity. Our finding, based on DTI and postmortem fiber dissection, showed that the short association fibers noted by Maldonado et al. 42 in the anterior portion of SLF I are continuous with the posterior portion of the SLF I. As a result, we consider the SLF I to be a frontoparietal long association fiber pathway as has been stated in other studies in the literature. 32, 34, 41, 61, 65 The most prominent and easily perceived component of the SLF, the SLF II, is located in the middle part of the occipitoparietofrontal region. The SLF II shows right dominance in 65% of cerebra. 41, 65 Unlike previous reports, we also found a posterior extension of the SLF II to the occipital lobe (BA 19 in 44%) and an anterior extension to the lateral frontopolar cortex (BA 10 in 28%). The occipital extension of the SLF II supports the suggestion that an aberrant superior frontooccipital connection exists via the SLF II, although the concept of the superior frontooccipital fasciculus has already been ruled out through fiber dissection. 69 Functionally, the SLF II can regulate the focusing of attention on different parts of space because of its course connecting the prefrontal cortex to the posterior parietal lobule. Likewise, damage to the SLF II is postulated to result in spatial working memory disorders such as neglect syndrome. 65 Direct electrical inhibition of the SLF II during surgery causes a transient decrease in the appreciation of visual stimuli on the contralateral side. 66 The SLF III courses between the supramarginal gyrus and the pars opercularis within the frontoparietal operculum. 41 Functionally, the left SLF III is involved in phonological working memory, which is divided into a phonological store (in the left supramarginal gyrus) and an articulatory rehearsal module (in the left inferior frontal gyrus). Stimulation of the left SLF III produces articulatory disorders such as dysarthria or anarthria. 24, 43, 44, 59 The right SLF III, however, is involved in visuospatial attention, prosody, and music processing. 30, 39, 60, 65 segmentation of the aF In our study, the ventral AF originated in the middle and posterior parts of the superior temporal gyrus (BA 22, 41, 42) and the middle part of the middle temporal gyrus (BA 21) and passed deep to the lower part of the supramarginal gyrus (BA 40). The dorsal AF originated in the posterior part of the middle and inferior temporal gyri (BA 37 and 20) and passed deep to the lower part of the angular gyrus (BA 39). After passing through the different parts of the inferior parietal lobe, the ventral AF continued ventrally with the SLF III, and the dorsal AF continued dorsally with the SLF II. Both segments terminated in the frontal lobe.
Some DTI and fiber-dissection studies have previously revealed a ventral and dorsal subdivision of the AF.
23,28
Glasser and Rilling 28 charted the superior and middle temporal gyrus pathways using DTI and functional neuroimaging. The superior temporal pathway, presumably the ventral AF in our study, connected the superior temporal gyrus (BA 22 and 42) to the inferior frontal gyrus (BA 44 and 6) and passed through the supramarginal gyrus. The middle temporal pathway, presumably the dorsal AF in our study, connected the middle temporal gyrus (BA 21 and 37) to the middle and inferior frontal gyri (BA 6, 9, 45) and passed through the angular gyrus. In the study by Glasser and Rilling, the AF was found to be larger on (BA 20) gyri to the ventral premotor cortex (BA 6) and caudal middle frontal (BA 6 and 9) gyri. A comparison of our findings to those of Glasser and Fernandez-Miranda suggests that the classic AF model corresponds to the ventral AF in our study. 23, 28 Importantly, we focused in greater detail on the anatomofunctional relationship of the ventral and dorsal segments of the AF with each segment of the SLF.
Catani et al. 9 also proposed a different classification for the AF based on a DTI study, separating the fascicle into superficial indirect and deep long segments. The indirect segment of the AF has been further divided into anterior (frontoparietal) and posterior (temporoparietal) parts. Some cadaveric studies have replicated this compartmentalization of the superficial fibers (indirect segment of Catani) into anterior and posterior parts. 19,22,24,43,44, However, all studies have considered these fiber tracts to be part of the SLF rather than the AF. The AF ventral segment in our study corresponds to the classic AF.
In stimulation studies of the frontoparietal operculum, superficial (lateral) frontoparietal loop stimulation has resulted in dysarthria or anarthria, while deep stimulation has resulted in phonemic paraphasia (phonemic and repetition disorders). 17, 19, 43, 44 The superficial frontoparietal loop, which interconnects the supramarginal gyrus and pars opercularis, corresponds to the anterior part of the superficial segment of the AF as described by Catani et al., or more accurately, the lateral branch of the SLF/SLF III. 9, 41, 44, 61 In this vein, our findings also concur with previous studies that suggest the superficial (lateral) frontoparietal connection loop, or the anterior indirect segment of the AF as described by Catani, corresponds to the SLF III rather than the AF. 13, 19, 38 In our fiber dissections and DTI analysis, the SLF III and AF ventral segment were clearly separated along the frontoparietal operculum, with the SLF III located lateral to the AF ventral segment. Indeed, it has been shown that stimulation of the SLF III results in anarthria or dysarthria, while stimulation of the AF ventral segment (classic AF) results in phonological (repetition) disorder. 17, 19, 41, 43, 44 Makris et al. 41 categorized the AF as part of the SLF system, arising in the caudal temporal region and traveling with the SLF II, which courses from the angular gyrus to the middle frontal gyrus in the suprasylvian area. What they referred to as the AF corresponds to the dorsal AF in our study, which travels just ventral to the SLF II.
connectivity and Functionality of the aF
The traditional language model encompasses 3 cortical areas: Broca's, Geschwind's, and Wernicke's. Broca's area is located in the pars triangularis and opercularis in the left inferior frontal gyrus, Geschwind's territory is in the inferior parietal lobule, and Wernicke's area is in the posterior temporal area. 15, 52 "Extensive" Broca's and Wernicke's areas have been further suggested in DTI and functional studies. 9 The extensive Broca's area includes the middle frontal and precentral gyri, in addition to the classic definition of the area. Studies of lesions, cortical stimulation, and neuroimaging have suggested separate language function subsystems in the inferior frontal cortex for phonological (basic sounds that make up words), syntactic (principles and processes by which sentences are constructed), and semantic (concepts and meanings of words) processing. The phonological region is located posteriorly in the inferior frontal gyrus at the border of the pars triangularis (BA 45) and pars opercularis (BA 44). 5, 12, 21, 33, 37, 56, 64 The semantic region is located anterosuperiorly in the inferior frontal gyrus, pars orbitalis (BA 47) and triangularis (BA 45), and dorsolateral prefrontal cortex (middle part of the middle frontal gyrus) (BA 46/9). 4, 18, 25, 35, 46, 47 Similarly, we found 4 frontal cortical areas included in the AF segments: the pars opercularis, pars triangularis, ventral premotor cortex, and the posterior part of the middle frontal gyrus. The ventral AF terminated in 3 areas: the pars opercularis (96%), pars triangularis (40%), and ventral premotor cortex (84%). The dorsal AF terminated at the posterior part of the middle frontal gyrus (56%), pars opercularis (96%), and ventral premotor cortex (72%). These findings support Catani's AF model, wherein the deep AF segment, which corresponds to the ventral segment of the AF, ends more anteriorly in the inferior frontal gyrus, and the AF superficial segment, which corresponds to the SLF III, ends more posteriorly (pars opercularis). 9 The pars opercularis, and in particular the ventral premotor cortex, has been related to the occurrence of anarthria and/or dysarthria, and the pars triangularis, the frontal extension of the ventral AF (classic AF), has been implicated in the phonological processing of language. 4, 5, 18, 21, 25, 33, 35, 37, 46, 47, 56, 64 The ventral premotor cortex, which lacks plasticity in patients with low-grade gliomas, deserves special attention because both AF segments and the SLF III reach this area. 72 Indeed, stimulation of the ventral premotor cortex, unlike any other opercular region, persistently results in anarthria because of its rich connections with the perisylvian subcortical fiber network.
The extended Wernicke's area includes the posterior part of the superior and middle temporal gyri (BA 22, 37) , the inferior parietal lobule (BA 39, 40) , and the posterior temporal region. 1, 9, 20 The cortical termination areas we identified in the temporal lobe are the middle (BA 22) and posterior (BA 22, 41, 42) parts of the superior temporal gyrus, the middle and posterior parts of the middle temporal gyrus (BA 21 and 37), and the inferior temporal gyrus (BA 20) . Functional studies suggest that the posterior part of the superior temporal gyrus (BA 22) is involved in phonological processing bilaterally, and the middle temporal gyrus (BA 21 and 37) is involved in lexical/semantic processing bilaterally, but prosody is exclusively processed in the right hemisphere. 2, 3, 6, 28, 31, 55, 58, 73 However, 1 study defines the extensive Wernicke's area as including the middle part of the superior temporal gyrus, which is involved in semantic language processing.
14 Other DTI and functional MRI (fMRI) studies have bolstered claims that the middle temporal gyrus is a hub of ventral semantic fiber pathways and that it plays an important role in language comprehension. 28, 57, 70 Geschwind's territory is composed of the supramarginal (BA 39) and angular (BA 40) gyri. Some recent direct cortical stimulation studies have supported the concept that the pars angularis is involved in lexical-semantic processing, while the supramarginal gyrus is more likely to be involved in phonetic working memory. 28 Furthermore, others have suggested that the supramarginal gyrus is involved in articulation of speech and phonological processing, while the angular gyrus is involved in language perception, including syllable discrimination and identification. 17, 36, 44, 61 The ventral AF originates in the middle and posterior portions of the superior (BA 22, 41, 42) and middle (BA 21) temporal gyri (phonological and semantic processing areas), passes through the supramarginal gyrus (a phonological working memory area), and terminates in the ventral premotor cortex (BA 6) and pars opercularis (BA 44; another phonological processing area). The dorsal AF originates in the posterior part of the middle (BA 37) and inferior temporal gyri (BA 20; lexical-semantic processing areas), passes through the pars angularis (a semantic processing area), and terminates in the pars opercularis (BA 44) and ventral premotor cortex (BA 6; phonological areas) and posterior part of the middle frontal gyrus (BA 6; a semantic area).
Based on our dissections and published reports of neuroimaging, lesion-task-based, and direct electrical stimulation studies, the AF ventral segment is associated with phonological language processing, while the AF dorsal segment is associated with lexical and semantic language processing.
23,28
As mentioned above, recent studies have also shown that stimulation of the deep part of the frontoparietal operculum (ventral AF) results in phonological paraphasia, while stimulation of the superficial part of the frontoparietal operculum (the location of the SLF III) results in dysarthria or anarthria. 24, 59 These findings also support our ventral and dorsal subdivision of the AF and the relationship between the AF ventral segment and SLF III in the frontoparietal operculum, based on their functional differences.
lateralization of the aF
The structural correlates of language lateralization are not clear. Most evidence of language lateralization comes from studies of patients who have language deficits associated with brain lesions. In right-handed adults presenting with aphasia, the brain lesion is almost invariably located in the left hemisphere. 7, 26 Similar prevalence data have been found in patients undergoing brain surgery for epilepsy, with lateralization of language to the left hemisphere being observed in 90% of the right-handed patients. 16, 45, 67 For instance, Geschwind found anatomical asymmetry in the size of the planum temporale, a region of the temporal lobe belonging to Wernicke's area, in 65% of the population.
27
However, another study has recently found that left lateralization of the planum temporale does not correlate with language lateralization as assessed by the sodium amytal procedure. 16 Several studies have reported a higher prevalence of leftward asymmetry of perisylvian white matter volumes, suggesting that language networks represent a more likely anatomical substrate for lateralization of language functions than cortical areas alone. 16, 25, 29, [48] [49] [50] Some neuroimaging studies that were based on the volume of fiber tracts and fMRI further noted the discrepancy that the ventral AF (superior temporal gyrus pathway of Glasser and Rilling or classic AF) was left lateralized, while the dorsal AF (middle temporal gyrus pathway of Glasser and Rilling) has no lateralization, meaning that the dorsal AF is the same on both sides. 23, 28 However, most postmortem fiber dissection studies do not report a significant difference between the left and right AF. 44 In our study, we did not find a remarkable difference between the right and left sides in cortical connection areas of the SLF and AF. We focused on the connectivity and segmentation of the perisylvian network, which is composed of the SLF and AF, because of the unclear effect of cortical termination location and of AF/SLF volume on lateralization.
conclusions
The dorsal language stream is formed by the AF and SLF. The AF has ventral and dorsal segments; the SLF has segments SLF I, II, and III or dorsal, middle, and ventral, respectively. 23, 28, 41 Our study shows the relationship between these fiber tracts and depicts the distinct subdivision of the AF and SLF based on cadaveric fiber dissection and diffusion imaging studies. Although the SLF III (ventral pathway) and ventral AF are located in the frontoparietal operculum, they can be clearly separated based on fiber dissection and functional studies. The SLF II (middle pathway) and the dorsal AF can also be distinctly isolated in the suprasylvian area based on fiber dissection, neuroimaging, and functional studies. It is essential to better understand the complicated organization of language processing in the human brain.
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